Light Higgs channel of the resonant decay of magnon BEC in superfluid 3 He-B Physics, acad. Semyonov av., 1a, 142432, Chernogolovka, Russia (Dated: November 17, 2014) Symmetry breaking in 3 He-B has many common features with the symmetry breaking in particle physics. There are 18 collective modes of the order parameter in 3 He-B, of which 14 are the highenergy amplitude modes -analogs of the heavy Higgs bosons, and 4 are the low-energy NambuGoldstone (NG) bosons (sound wave + 3 spin wave modes). One of the spin wave modes acquires small mass due to a tiny spin-orbit interaction, and becomes equivalent to the light Higgs boson in the composite Higgs scenarios. In applied magnetic field, the other two spin wave modes split into the gapped mode (magnon, or optical magnon) and the gapless NG mode with quadratic dispersion (acoustic magnon). Here we report the experimental observation of resonant parametric decay of a Bose-Einstein condensate of optical magnons into pairs of light Higgs bosons and into pairs of acoustic magnons. In addition we can see a direct transition between optical and acoustic magnons.
I. INTRODUCTION
Both in Standard Model (SM) of particle physics and in condensed matter the spontaneous symmetry breaking gives rise to collective modes of the Higgs field. Some of them are the gapless phase modes, called the NambuGoldstone (NG) bosons, the others are the gapped amplitude modes, called the Higgs bosons.
In the p-wave spin-triplet superfluid phases of 3 He the order parameter (Higgs field) contains 18 real components. This provides the arena for simulation of many phenomena in particle physics, including the physics of the NG and Higgs bosons. High-energy Higgs modes in 3 He-B (see Fig 1) . have been investigated for a long time theoretically [1] [2] [3] [4] and experimentally. [5] [6] [7] Recently Higgs modes have been found also in s-wave superconductors. 8, 9 In superconductors and in Standard Model, the NG bosons become massive due to the Anderson-Higgs mechanism. [10] [11] [12] This mechanism does not work in the electrically neutral systems such as superfluid 3 He. However, the neutral NG modes can also become massive due to the other mechanism -the explicit symmetry violation, which is negligible at high energy, but may become significant at low energy. 13 For example, in quantum chromodynamics (QCD), such pseudo NG modes (pions) acquire the light mass due to the explicit violation of the chiral symmetry.
14 The same effect probably takes place in SM, where the relatively small mass of the 125 GeV Higgs boson observed at the LHC suggests that it can be also the pseudo-Goldstone boson (see e.g. 15 and references therein).
Such massive pseudo NG mode exists in 3 He-B. The low energy excitations there include one sound mode and three spin-wave modes. The low energy dynamics of the three spin modes can be described in terms of the low energy vector Higgs field -the little Higgs. 16 The spin orbit potential produces the symmetry breaking SO 3 → SO 2 , which leads to two NG modes and the light Higgs boson. Such symmetry breaking is close to that in SM. 3 He-B. The heavy Higgs amplitude modes include 4 so-called pair breaking modes with gap 2∆; 5 real squashing and 5 imaginary squashing modes with gaps 8/5 ∆ and 12/5 ∆ respectively, where ∆ is the gap in the fermionic spectrum. In magnetic field there is the 3-fold and 5-fold Zeeman splitting of modes with J = 1 and J = 2. In the low frequency region there are 4 Nambu-Goldstone modes: the sound wave and three spin modes. One of the spin modes acquire small mass (gap) ΩB ≪ ∆ due to spin orbit interaction. This is the analog of the light Higgs in relativistic field theories. The other two spin modes split in magnetic field into the gapped magnon branch and NG mode with quadratic dispersion, called acoustic magnon (see Fig. 2 ).
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3 He-B, the NMR experiments require application of magnetic field. In the presence of magnetic field, two gapless NG spin modes split into gapped optical branch and gapless acoustic branch with quadratic dispersion. 17 . We are able to create the Bose-Einstein condensate (BEC) of optical magnons, which are localized in magnetic and textural trap, and study its properties. In particular, for a large number of the trapped magnons, the BEC droplet transforms to the bosonic analog of the MIT bag, which serves as a model of the hadrons in QCD.
18
In this paper we report the experiments in which all three spin modes are involved. We observe the resonant parametric decay of the magnon BEC into the pairs of the light Higgs bosons and also the decay of the BEC into the pairs of acoustic magnons (see Fig. 2 ).
Spectra of the spin wave modes in 3 He-B. From the high-energy perspective they all are the Nambu-Goldstone (NG) modes. However, due to tiny spin orbit interaction one of them acquires a small mass ΩB (where ΩB is Leggett frequency) and becomes the light Higgs boson. Two other spin modes are splitted by magnetic field. One of them (optical magnon) has a gap equal to Larmor frequency ωL. Another one (acoustic magnon) remains the gapless NG mode, but its spectrum becomes quadratic. Arrows indicate decay channels observed in our experiments: the parametric decay of optical magnons to the pairs of the acoustic ones with short wavelength and, if ωL exceeds threshold 2ΩB, the decay to pairs of light Higgs bosons. The direct decay to the acoustic magnon is also possible. This is observed under rotation, when quantized vortices provide the needed matrix element for such process.
II. COLLECTIVE MODES IN 3 HE-B AT HIGH ENERGIES
Let us start with the high energy limit, when the tiny spin-orbit interaction can be neglected. The Cooper pairing in superfluid 3 He occurs into the state with spin and orbital angular momentum quantum numbers S = 1 and L = 1. The order parameter -the high-energy Higgs field -belongs to the 3×3 representation of the SO groups of independent spin and orbital rotations and is expressed via the 3 × 3 complex matrix A αi 19 . The simplest vacuum state of superfluid 3 He-B is the state with the total angular momentum J = 0 with the order parameter
where ∆ is the gap in the fermionic spectrum. This corresponds to the spontaneous breaking of symmetry
of physical laws to the symmetry subgroup H = SO J 3 of the vacuum states. The degenerate vacuum states are obtained by the phase and spin rotations and are determined by the condensate phase Φ and orthogonal matrix R αi :
Oscillations of Φ and R αi fields represent 4 NG bosons. Their number is determined by the difference between the dimensions of G and H: 4 = 7 − 3. The order parameter (2) has 18 collective modes -9 real and 9 imaginary deviations δA αi from the equilibrium state A (0) αi . Collective modes are numerated by the quantum numbers J = 0, 1, 2 and by parity + and −, which correspond to real and imaginary perturbations δA αi .
The NG bosons are represented by the sound mode with J = 0 − (oscillations of the order parameter phase) and by three spin wave modes, which have J = 1 + . The other 14 modes are heavy Higgs amplitude modes with energies of order of fermionic gap ∆. These are: the socalled pair breaking mode with J = 0 + and mass 2∆; three pair breaking modes with J = 1 − and mass 2∆; five the so-called real squashing modes with J = 2 + and mass 12/5∆; and five imaginary squashing modes with J = 2 − and mass 8/5∆. Note that for each quantum number J the modes J + and J − form the Nambu pairs, which obey the Nambu rule connecting masses of bosons and fermions 20, 21 :
On the Fig 1 masses of all the modes are drawn as a function of temperature. Modes with J = 0 experience the Zeeman splitting in applied magnetic field.
III. LOW-ENERGY COLLECTIVE MODES
In the low-energy range we are interested in the three NG modes with quantum number J = 1 + . These are the spin waves -propagating oscillations of matrix R αi . Their spectrum is illustrated in Fig. 2 . It is essentially influenced by the low-energy effects: spin-orbit interaction and magnetic field, which can be neglected when the heavy Higgs modes have been considered.
Let us start with the spin-orbit coupling, which removes the degeneracy with respect to spin rotations. The rotation matrix R αi can be expressed in terms of axis of rotationn and the rotation angle θ as
Let us introduce the vector field
The spin-orbit interaction provides the Mexican Hat potential for the n-field
As a result the low-energy physics has all the signatures of the Higgs scenario. In terminology of particle physics the n-vector serves as the little Higgs field. In the vacuum states the amplitude of the little Higgs field is fixed, |n| = n 0 , while they are degenerate with respect to the orientation ofn. This corresponds to the symmetry breaking scheme SO
, which gives rise to two NG modes and one Higgs amplitude mode.
In Eq.(6), the energy minimum is achieved at the socalled Leggett angle θ = cos −1 (−1/4), which corresponds to n , where χ B is the spin susceptibility of the 3 He-B, γ is the gyromagnetic ratio for the 3 He atom, and Ω B is the Leggett frequency -the frequency of the longitudinal NMR. 19 The Leggett frequency determines the spectrum E LH of the Higgs amplitude mode:
Here c is the relevant speed of spin waves, which in general depends on the direction of propagation. In 3 He-B, Ω B ∼ 10 −3 ∆, i.e. the mass of the light Higgs is much lower than the energy scale ∆, at which the main symmetry breaking occurs and which characterizes the energies of the heavy Higgs bosons. This little Higgs mode is usually excited in longitudinal NMR experiments.
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The other two NG modes are influenced by the magnetic field. Magnetic field violates the time reversal symmetry and splits the two NG modes in the same manner as it occurs with spin waves in ferromagnets.
17 For H n one has
where ω L = γH is Larmor frequency. At large momentum, cp ≫ ω L , this spectrum transforms to the linear spectrum E = cp of spin waves propagating with velocity c, which here is assumed isotropic. At small p, when cp ≪ ω, these modes have quadratic spectrum
with mass m M = ω L /2c 2 . The mode with gap, optical magnon, which we call magnon here, is excited in transverse NMR experiments. The gapless mode (acoustic magnon) with quadratic spectrum belongs to the class of the NG modes of type-II according to the modern classification of the NG bosons (see Ref.
23 and references therein). 
IV. EXPERIMENT
Experimental setup is shown in Fig. 3 . We use quartz cylindrical cell filled with superfluid 3 He-B in a uniform magnetic field parallel to the cell axis. Transverse NMR coils are used to create and detect spin precession. We also have an additional longitudinal pinch coil to create field minimum in the axial direction. We work at the low temperature limit T < 0.2 T c , where the spin wave velocities and the Leggett frequency are temperature independent. We use pressures 0 − 29 bar and magnetic fields H = 170 − 256 G (ω L /2π = 550 − 830 kHz). We can also rotate the cryostat with angular velocities up to Ω = 2 rad/s to create cluster of rectilinear quantized vortices, which crosses the whole experimental region and can provide coupling between the spin wave modes.
In our range of magnetic field, the equilibrium distribution of the order parameter in the cylindrical sample forms so-called flare-out texture due to boundary conditions on side walls. Equations (7) and (8) for the spin wave spectra are valid near the cell axis, where n||H, far from the axis the texture affects all three modes as will be discussed later.
The construction of our NMR spectrometer allow us to excite and detect only long-wave optical magnons.
Magnons with cp ≪ ω L can be treated as quantum particles obeying Hamiltonian
(10) where the axial potential is due to the non-uniform magnetic field produced by the pinch coil, while the radial potential is formed by then(r)-texture. Under conditions of the experiments we have a 3D harmonic trap for magnons similar to that used for the confinement of dilute Bose gases 24 . In our case the Bose-Einstein condensation of magnons is detected as spontaneous formation of the phase coherent precession of magnetization after the incoherent pumping of magnons to the trap. Radial and axial potentials for magnons and the amplitude of the magnon BEC wave function are plotted in the Fig. 3 .
The long-lived magnon condensate for many years served as a tool to study different exotic properties of 3 He-B 25 . In our experiments, we found the ways how to use the BEC of magnons for excitation of the other spin modes. For that we exploit the Suhl instability, which provides a channel of magnon parametric decay into pairs of waves with frequency ω L /2 and opposite p. This process satisfies the conservation of both momentum and energy. Also we utilize quantized vortices, which make possible direct excitation of a single spin wave with frequency ω L without momentum conservation. These transition channels are drawn Fig. 2 .
In both cases the cylindrical cell is used as a resonator for short spin waves excited by magnons. By changing magnetic field and thus the magnon frequency we can observe periodic resonances with the period determined by the cell radius and the spin-wave spectrum.
V. SUHL INSTABILITY
Magnon condensate, as the state of free precession with frequency ω L , experiences the Suhl instability 26 caused by the parametric excitation of spin waves with frequency ω L /2. The instability takes place above some threshold amplitude of precession, which is determined by the balance between the increment of the excited wave and the decrement caused by its relaxation.
A lower inset in Fig. 4 demonstrates the measured time dependence of the amplitude of the coherent precession, which reflects the decay of the number of magnons in the condensate. Below some threshold amplitude the relaxation of the condensate is long, being well described by the spin diffusion and the radiation damping mechanisms. 27 Above the threshold the relaxation is much faster due to the Suhl instability. The main panel shows the dependence of the threshold amplitude on the precession frequency ω L . The drop at ω L = 2Ω B is clearly seen, which says that the new channel of relaxation opens at ω L > 2Ω B . This is the parametric excitations of the pairs of light Higgs (longitudinal) modes: threshold amplitude, a.u. For each pressure the threshold amplitude drops at ωL = 2ΩB(P ), which shows that at ωL > 2ΩB(P ) the channel of the decay of magnon to two light Higgs bosons is dominating in the rapid relaxation above the threshold amplitude, ωL = ELH(p) + ELH(−p). Upper inset: The dependence of threshold amplitude on ωL experiences periodic modulations. The peaks correspond to the resonance frequencies of the parametrically excited standing waves of the type II NG modes, ωL = E−(p) + E−(−p). Excitation of these modes is responsible for the rapid relaxation above the threshold amplitude at ωL < 2ΩB(P ), and partially for the rapid relaxation at ωL > 2ΩB(P ), where the excitation of the light Higgs modes also contributes.
. In addition, we observe periodic peaks on the threshold amplitude, which correspond to resonances of the short wavelength NG modes in the cell. This reflects the parametric decay process
The parametric decay of the coherent precession towards pairs of spin waves with opposite momentum p is also known to exist in another coherent state in 3 He-B, the so-called homogeneously precessing domain, which represents the bulk magnon BEC, see Ref.
25 and references therein. This process has got the name "catastrophic relaxation". Due to catastrophic relaxation the bulk magnon BEC does not survive in 3 He-B below some temperature threshold, where only the BEC of trapped magnons is possible. We now found the Suhl instability in the trapped BEC. One of basic properties of a superfluidity is an irrotational flow field. In a rotating container the solid-body rotation is only possible if a regular lattice of quantized vortices is formed. Studying magnon condensate in rotating 3 He-B we observed an additional strong source of relaxation related to vortices. On Fig. 5 the relaxation rate of the condensate is plotted as a function of the frequency. Peaks which correspond to the resonances of the NG mode in the cell are clearly seen. Distance between peaks does not depend on rotation velocity and magnetic field in the whole experimental range and corresponds to the direct decay of magnon to the NG mode E + (p = 0) = E − (p). This process with non-conservation of momentum p is possible due to scattering on quantized vortices.
In principle, direct excitation of the Higgs mode in presence of vortices, E + (p = 0) = E LH (p), can be also possible, but in our present setup we have not been able to identify this process.
VII. PRESSURE DEPENDENCE OF SPIN-WAVE RESONANCES
Let's consider both direct and parametric excitation of the NG mode E − (p) in the cylindrical cell with radius R. The resonances observed in the experiments correspond to the standing waves in the cylinder. For the short spin waves the resonances can be treated in the semiclassical approximation:
where p(r) is the classical trajectory along the cell diameter and n is integer quantum number. This quantization corresponds the wave modes in cylinder with high radial and small azimuthal quantum numbers. If all the effects related to the texture of the order parameter are neglected, then p does not depend on the coordinates and one obtains the quantized values of momentum p = πn/2R. On the other hand, using Eq. (8) we can relate the momentum p of the NG mode and Larmor frequency, E − (p) = ω L /N , where N = 1 for direct and N = 2 for parametric excitation. This gives
and the distance between the resonances:
Texture provides an additional potential for acoustic magnons, as in the case of the magnon BEC. In addition, the spin wave velocities depend on mutual orientation of p andn. As a result they change in space in the presence of texture. For the general case the dependence p(r) along the trajectory is calculated numerically using a simple model for the texture. However, the deviation from the simple Eq. (13) is small, see Fig. 6 . The solid lines show the pressure dependence of periods calculated with the textural effects taken into account, while the dashed lines correspond to the simplified Eq. (13), where c is a velocity of spin waves propagating perpendicular to n and the radius of the cell is R = 0.3 cm. The upper and lower curves correspond to N = 2 (parametric excitation) and N = 1 (direct excitation) respectively.
Points in Fig. 6 are the measured periods. Blue points are from the Suhl instability measurements in Fig 4; red and green points are from the relaxation time measurements under rotation in Fig 5. We identify the blue points with resonances caused by the parametric excitation. In the experiment with vortices we see two close resonances (green and red points) with periods smaller then that of the parametric resonance. It is natural to identify them with a direct excitation of short-wave acoustic magnons. The splitting of this resonance can be attributed to more complicated effects of the texture.
VIII. CONCLUSION
Spin dynamics in superfluid 3 He-B has close connection to the modern extensions of Standard Model, in which the observed Higgs boson is treated as the pseudoGoldstone mode with small mass. Three NG bosons -the spin wave modes -form the analog of the little Higgs vector field, while the role of the interaction, which explicitly violates the global spin-rotation symmetry, is played by tiny spin-orbit coupling. Due to spin-orbit interaction, one of the modes with frequency of the longitudinal NMR represents the Higgs boson with small mass -the light Higgs. The other two remain the NG modes, but they are split by external magnetic field violating the time reversal symmetry to the mode with Larmor gap (magnon) and the exotic NG mode with quadratic dispersion.
Here we discussed the interplay of the all three spin wave modes in our experiments with the Bose condensate of magnons in the prepared magneto-textural trap. Two channels of parametric decay of magnon are observed: into the pair of light Higgs bosons and into the pair of acoustic magnons. In addition, the direct channel of decay of magnon to the acoustic magnon is observed, which takes place in the presence of quantized vortices.
In a future we are planning to search for the channel of the decay of magnon to two Majorana fermions living on the surface of 3 He-B (see Ref. 28 and references therein). Majorana fermions can be probed when the trap with magnon condensate is moved towards the free surface of 3 He-B, to the graphene sheet immersed to 3 He-B, 29 or to the interface between 3 He-B and 3 He-A.
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